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ABSTRACT 



In a high-power transmitter, an input complex signal is 
multiplied in a complex multiplier by control signals. The 
output complex signal from the mult^ilier is converted to a 
hi^ frequency signal and aix^slificdby a power amplifier for 
transmission. The anc^litude of the input complex signal is 
detected to access a memory where amplitude and jribasc 
correction values are stored. During a read mode of tiie 
memory, a set of anqilitude and phase correction values is 
specified by the detected amplitude and supplied to tiie 
con^lex amplifier as the control signals. During a write 
mode of the memory, a set of amplitude and phase correction 
values is specified by a delayed version of the detected 
aiiq>Htude and rewritten with a set of new arr^litude and 
phase conection values. The amplified high fi^cqucncy sig- 
nal is down-converted to a low frequency complex signal 
The nonlinearity of the power amplifier is determined from 
a delayed version of the input complex signal and the 
down-converted complex signal and the new anq)litude and 
phase correction values are produced from the detected 
nonlinearity and delayed versions of the an^litude and 
phase correction values which were supplied to the complex 
multiplier At intervals, the memory is switched from the 
read mode to the write mode for updating its contents. 
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HIGH-POWER LINEAR AMPUFICAnON 

IBING PERH)DICALLY UPDATED 
AMHJTUDE AND PHASE CORRECTION 
YAIXIES 

BACKGROUND OF THE INVENIION 

1. Fidd of the Invention 

The present Invention relates to linearization of power 
anaplifier. The present invention is particulaily suitable for 
high-power linear an^lificatlon of wideband signals. 

2. Description of the Related Art 

The power sxapMa stage of a transnussion station is 
usually opo-ated in a saturated region of its operating 
characteristic for high power transmission of signals ovef 
long distances. Due to the nonlinear characteristic of the 
saturated region, intennodulation products occur, causing 
the original wave to spread over a range of frequencies 
whidi vA^t cause adjacent dianncl iatofcrcncsc. To com- 
pensate for the nonlineaiity of a high power amplifier, 
Japanese Provisional Patent Publication Sho^2-7S902 dis- 
closes a linearization ckcmt where the hi^-freqnency input 
of a U^-power amplifier is contfolled both in amfditude 
and phase through a negative feedback loop in accordance 
with a voltage and a phase difference between the amplifier's 
input and ou^iut signals so that both differences are reduced 
to zero. However, due to the inherent delay time of the 
feedbadc pa&, the prior art linearization technique is not 
suitable for high speed operation. To alleviate this problnn, 
one prior ait scheme called **predistortion'* employs a circuit 
having a nonlinear characteristic that is inverse to that of the 
high-power anqdifier. This type of approach also suffers 
from undesirable variations in circuit parameters due to 
varying temperature and aging. 

The gain and phase imbalance of mhcers and summer 
cause an undesired sideband signal that requires conqiensa- 
tion if the system is to meet adjacent channel interference 
(AO) specifications. A compensation method far these 
imbalances is discussed in a pq>er ''Digital Signal Process- 
ing and Direct Conversion for Multichannel Transmitters**, 
Scott A. Uyonhjehn et al, 1994 IEEE (0-7803-1927-3/94), 
pp 494-498. According to this method, 1>aseband channels 
are combined through a transmultiplexcr to form a wideband 
signal. The system band is directly up-converted via an 
analog quadrature modulator. A vacant channel position is 
then selected and an undeshred sideband (enror) signal is 
isdflted. This error signal is used by an adaptation algoritfun 
{vMch is based on a form of predistortion) to suitably 
modify the scaling coefficient of an input channel The 
process is r^eated for eveiy channel in the systenL Hie 
error signal is proportional to the magnitude of the sideband 
signal. The real and imaginary parts of the pre-distCHi 
coefScient are adjusted accordin^y using a simple one 
dimensional search technique. 

SUMMARY OF THE INVENTION 

ft is therefore an object of the present invcation toi provide 
linearlzatloD of high power wideband (high speed) signals 
and compensation of variations caused by a variety of 
time-vaiying factors. 

According to the present invention, there is provided a 
transmission apparatus conpising a complex mult^lier for 
nuiltiplying an input con^lex signal by control signals and 
producing a compensated complex signal, an up-conveiter 
for converting the compensated oonqilex signal to a high 
frequency signal, and a power an^lifier for an^lifying the 
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high frequency signal for transmission. The amplimde of the 
input complex signal is detected by an envelope detector. A 
memory is provided for storing axaplitude and phase cor- 
rection values. During a read mode, a set of an^litude and 

s phase coirection values is specified by the detected am^di- 
tude and siapplded to the cono^kx amplifier as the control 
signab. During a write mode, a set of amplitude and phase 
correction values is ^ledfied by a delayed version of the 
detected ampHtndc and rewritten with a set of new ampli- 

10 tude and ]^ase correction values. The an^Med high fre> 
quency signal is down-converted to a low frequency com* 
plex signal. The nonlinearity of the power amplifier is 
determined from a delayed version of the input conqplex 
signal and the low frequency complex signal and the new 

IS amplitude and phase correction values are produced from 
the detected nonlineanty and delayed versions of the ampli- 
tude and phase coirection values which were supplied to the 
complex multiplier. At intervals, the memory is switched 
from the read mode to the write mode for i^dating its 

20 contents corresponding to the delayed version o[ the 
delected amplitude. 

Preferably, the nonlinearity detector means comprises an 
error detector for detecting amplitude and phase ecrors 
..between a delayed version of the input complex signal and 

25 the low frequency oon^lex signal and update means for 
producing the new amplitude and phase ooorection values 
from the amplitude and phase errors and die delayed va- 
sions of the an^limde and pbzat conection values. More 
specifically, the amplitude and phase errors are represented 

30 by a ratio between the delayed version of the input conc^lex 
signal and the low frequency complex signal, and the new 
amplitude and phase ccnrection values are derived through 
an integral feedbadc control path connected to the output of 
the memory by multiplyiag the delayed version of the 

3^ an:q)litude coirection value by the amplitude error and 
subtracting the phase error from the delayed version of tiie 
phase correction value. 

BRIEF DESCRIPTION OF THE DRAWINGS 

40 The present invention will be described in further (tetail 
with reference to the accompanying drawings, in which: 

FKj. 1 is a bloclc diagram of a wideband transmission 
apparatus according to the inesent invention; 
FIG. 2 is a block diagram of a complesi multiplier used in 
45 the present invention; and 

FIG. 3 is graphic representations of the amplitude and 
phase characteristics of a high-power amplifier: 

DETAILED DESOUFIION 

50 Referring now to FIG. 1, there is shown a radio trans- 
mitter incorporating die high^power linear anqpliiier of the 
present invention. The inventive transmitter generally com- 
prises a DSP (digital signal processor) section 10 and a 
frequency conversion section 11. The DSP section 10 

55 receives the in-pbase (I) and quadrature (Q) components of 
a wideband FDM (frequency division multiplex) signal from 
a tcansmultiplexer 20 where a plurality of iiq)ut analog 
signals are frequency-division multiplexed and converted to 
digital complex sigi^s. The DSP section 10 includes digital 

60 wavefomirshaping filters 21-1, 21-2 where the I and Q 
component signals are respectively waveshaped. The ont- 

. puts of digital filters 21-1, 21-2 are coupled to a coiiq)Iex 
multq)lier 22 where they are multiplied by amplitude and 
phase control signals a and ^ supplied from a control 

65 memory 25 to compensate for the nonlinearity of a hi^jh* 
power amplifier 12 connected to the output of firequency 
conv^on section 11. 



06/10/2004, EAST Version: 1.4.1 



5,699,383 

3 4 

In order to read the control signals from control memoiy sated signal Irepresented by a(x cos p4-y sin and an adder 

25, the ou^uts of filths 214, 21-2 are supplied to an 54-2 provide summing ofthe outputs ofmiiltipliers51>3 and 

envelope detector 23 and a delay unit 27. The envelope 51-4 to produce amplitude and phase conq>ensated signal Q 

detector 23 determines the absolute value of each compo- represented by a(x sin p+y cos p). In a complex notation, the 

ncnt of the complex signal, combines the absolute values to 5 ou^uts of adders 54-1 and 54-2 are alternatively represented 

produce a sum and finds its square root, giving an an^Ktude ^ relation (x+jy)a exp jB. 

of the complex signal. This signal is applied dirert to one ^ ^ . ^ orthogonal components I and Q are 

input of a selector 24 and via a delay unit 28 to the other , . r*,^ u * ^ ^^ aZ^I *a - u 

in^t TTie output of selector 24 is'^used by the control inultiphedin «nphtude^^^ 

mSnory 25 as an address to read a set of inpUtude and ^ " } T 

phase Erection values a and p. The conteol data from "^J!^ f 'T?!'T''^V''' 1 

contiolmemory 25 is supplied via a latch 26 to the complex an^^todcofthemcomii^ signals I and Q, the ou^utsignal 

multipHer ^d via a ^ unit 29 to an update meioiy an^crll is hnear as a function of the 

30.Latch26isdrivenatthedatarateoftheincomingsignal ^P^^*"^ of its input signal. 

by dock pulses suppUed from a clock generator 43. - , Therefore, when the control monoiy 25 is operatmg m a 

me outputs of complex multipliers 22 are converted to '^f^"^:, Z^'f f ^ ^P^l^ t^f"' 

analog signals by di^-to-analog converters 4M, 41-2 of f"^"^ ^4 control memoiy 25 and latch 26 forms a 

the frequency conv«^on section 11 which are driven by the fewlforward control for the complex multipher 22 

dock generator 43 and fed to a QAM (quadrature amplitude and the nonhnearity of d,e high-p^^^ amplifier is compen- 

iDOdutatioD)modulator42 where the analoglandQdgnals '^i T "^^^ "T^^' 

are ampUtude-modulated onto ladio-frequcncy qiidiitoB '° ^^T^^^ t^'T^T' ^'^l^^^'' ^^^"^'^'^ 

cairierTl^ and from an osciUator 44, the modulated anipMcahon of a wideband (high speed) signal, 

carriers being combined together to produce an However, from the system's stability viewpoint the feed- 

up-convertcd QAM signal The ou^ut of QAM modulator forward control is not satisfactory since the nonlinearity of 

42 is BjnpMcd by the Wgh-powcr anqalificr 12 and trans- 25 lugh-power amplifier varies with operating temperatures 

mitted via one of the outout tenmnals of a <firectional and the transmittar's operating parameters tend to vary wifli 

coupla 13 to an antenna system 14. The o&cr output time. The present invention solves these shortcomings with 

t£iminalof thedireclionaloouplerl3isconnectBdtoaQAM the use of a negative feedback system coursing the QAM 

5fffino^^V»T 45 whffc it is demodulated using the quadra- demodulator 45, A/D converters 46, etrcjr detector 31, 

ture carders from osdUatcr 44, recovering I and Q down- 30 update memory 30 and an integral feedback control loop 

converted analog signals. .These down-converted analog fonncdby dday unit 29 connected between control memory 

signals m transformed to digital signals by A/D converters 25 and update memory 30. 

46-1, 46-2 and implied to an error detector 31 to which the This negative feedback system operates when the control 

ou^uts of delay unit 27 are also ^plied. An aniplitude error meznoiy 25 is switched to a wdte mode under the control of 

Aa and a phase error Ap are detected between the ou^uts of 35 timing controller 32. During this write mode, die an^litude 

delay unit 27 and those of A/D converters 46-1, 46-2 in the error Aa and (he phase craor AP are siqjplied from error 

oror detector 31 and supplied to the update memory 30. detector 31 to the update memory 30 and the amplitude and 

Dday units 27, 28 and 29 are shift registers that provide phase correction values a and p which were used to control 

a delay to their input signal corresponding to the time taken the outputs of A/D converters 46 are supplied fitjm delay 

for the complex signal to reappear at the ou^ts oi A/D 40 ^t 29 to the update memory 30. As will be described in 

converters 46-1, 46-2. A timing controller 32 is driven by detail later, update memory 30 produces new amplitude and 

dock generator 43 to supply a switching control signal to die phase correction values a' and p' from the error vahies Aa 

selector 24 and a read/write control signal to control and AP and the values a and p stored in control memory 25 

memory 25 at a predetermined frequency (typically in die ^ locations corresponding to the amplitude of the input 

range between 100 kHz and 10 MHz) so that, at periodic 45 coinplcx signal The ou^ut of delay unit 28 is selected by 

intervals, the control memory 25 is switched to write mode timing controller 32 to specify a set of an^Htude and phase 

and the output of delay unit 28 is selected to spediy a set of correction values stcared in control memcay 25 and the 

an5)litude and phase correction values stored in control specified correction values are rewritten with the new cor- 

memory 25 and rewrite the specified coctection values with rection values from update memory 30. 

the outputs of update memory 30. 50 The following is a quantitative analysis of the negative 

WhentheconHoliocmory 25isinareadmode.theoutput feedback system of the present invention, 

of envelope detector 23 is selected by selector 24 andis used Assuming that the high-power amplifier 12 has a nonlin- 

by control memory 25 to read a set of amplitude and phase ear characteristic as illustrated in FIO. 3, where the ideal 

correction values into the latch 26. linear diaracteristic of the amplifier is rqnresented as B=GA, 

As illustnited in detail in FIG. 2, the convex mult%)lier ss where B is the anq>]itude of the ou^ut signal, Q is the 

22 includes multipliers 50-1 and 50-2 for multiplying the amplification factor and A is the amplitude of the input 

output signals x and y of filters 21-1 and 21-1 by flie signal. Due to the nonlinearity of an^difier 12, the ainplifi- 

amfriitude correction value a. The phase warection value P er*s input signal V^t) and the output signal V^t) are given 

is translated to a cosine and a sine value by cosine and sine in the form: 
read-only memories 52 and 53, respectively. The output oi 60 

cosine memory 52 is supplied to mnltipUers 51-1 and 51-3 V/r^v^o «w {coH^f)} (i) 
to which the outputs of multipliers 50-1 and 50-2 are 

respectively supplied, whereas die ou^ut of sine memory 53 v^d=*(A») cm {om^itmm)} (2) 

is supplied to roultipliers 51-2 and 51-4 to which the ou^uts where, A(t) is the amplitude of the input signal and Q)t is the 

of multipliers 50-2 and 50-1 are respectively supplied. An 6S angular frequency of the input signal, and the an^tude 

adder 54- 1 provides summing of the outputs of multipliers B(A(t)) and the phase 9(A(t)) are both nonlinear functions of 

51-1 and 51-2 to produce an amplimde and phase compen- amplitude A(t). 
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As shown ID FIG. 3, when the input amplitude Ais smaller 
Ifaan Ao, the amplitude characteristic is substantially linear 
and the phase characteristic is substantially fiat, ie., 6(A(t) 
>=a When the input voltage is Ai , the ou^ut voltage is at Bj 
short of the ideal point B2. The output vott^e leacfaes 
when the input is driven to as far as pdnt Aj. When the input 
voltage is higher than A^, the phase characteristic also enters 
the nonUnear zone. It is seem therefore that by controlling the 
amplitude and pha^e of the amplifio-'s input signal as a 
function of the amplitude A(t), the high power amplifier 12 
can be said to operate as a linear amplifier. 

By designating the amplitude and phase ooirection values 
a(A(t)) and P(A(t)) as a(A) and p( A), respectively, the input 
and output signals of high-power amplifier 12 are repre- 
sented as follows: 



VXO=a(A>A(<) cos iamMth^)} (3) 
V^^o(A) A(0) cos {<0H4(fHP(A>fe(a(4) Am (4) 

If a(A) and p(A) are detennined so that die following 
relations hold. 



Equation (4) can be rewritten as: 



Specifically, a(A) and p(A) are determined by the integral 
control provided by the loop formed by delay unit 29 as 
follows. 

The feedback signals V^firom A/D converters 46 can be 
denoted as Vys^^(t=x), where yis the an^Htude attenuation 
factor <^ the feedback path and t is the delay time introduced 
by delay units 27, 28 and 29. Since is a comply signal, 
it can be given as: 



where, Kis ^e phase control loop gain, which must be in the 
range between 0 and 1 for the stability of the loop, and m is 
the aiiq)litude control loop gain, which must also be in the 
ra^gc between 0 and L I^om Equations (11), (12), (13) and 
(14), it can be shown that the system operates as a ne^itive 
feedback system. 

^en the transmitter is in a steady state (ie., the control 
memory 25 is in a read mode), a(A)'=a(A),p(A)'==P(A), and 
Aa(A)^l. From Equation (11), the following relation holds: 



10 



Wa(A)A(i)Ml/y)A(r) (15) 
By setting y equal to 1/G> Equation (15) is rewritten as: 



15 



(16) 



Equation (16) indicates that the input-ou^ut an^litude 
characteristic of the high-power ai]^)lifier 12 is linearized. In 
20 addition, since the fdiase error Ap(A) during the steady state 
is zero, the output of the high-power anopMer 12 is given as 
follows by rewriting Equation (4): 



V«(^ « 5(a(A>4(i»x»{<w+<K0+P(A)+e<o(A)A(t))} 
(3) 25 = O.A(l)oos{aif+4<i)} 

(6) = O'VKt) 



(17) 



30 



0) 



35 



40 



(8) 



By rqiresenting the input signals of convex niultqilicr 
22 as: 



V^l)M(0«5>>K0 (?) 
the error detector 31 solves die foUowhig calculation, 



45 



50 



Yff(a(A>l(J)) 



AW 



«^P(A)+e(a(AV4(D)} 



(10) 



and produces the amplitude and phase error values as 
follows: 55 



ApCA) = P(A) + e(a(A)A(D) 



(11) 



(12) 



By using the ou^ut signals of error detector 31, update 
memory 30 produces new correctioD values a(A)* and p(A)* 
according to the following relations: 



ct(Ay=ttiA)iAaiA)r 



(13) 
(14) 



60 



65 



Equation (17) indicates that the input-output phase charao- 
teristic of amplifier 12 is linearized. 

From the foregoing discussion it is seen that the feedfor- 
ward control path of &e transmitter performs hig^ speed 
ad^ve control on a wideband signal and the feedback 
control path periodically updates the adaptive control 
parameters according to die integral feedback control algo- 
rithm so that they adapt to changing circuit parameters diat 
vary with time. 

In addition, die linearization circuitry of the present 
invention is suitable for implementation witii digital circuit 
technology advantageously for low power consumption and 
compact design. 

What is claimed is: 

1. A transmission apparatus comprising: 

a con^lex multiplier for multiplying an input complex 

signal by control signals and producing a cono^nsated 

conQ)lcx signal; 

an up-convotcr for converting the compensated con4)lex 
signal to a high frequency signal; 

a power amplifier for amplifying die hig|i frequency 
signal for transmission; 

an envelope detector for detecting an amplitude of said 
input complex signal; 

a memory having a plurality of locations for storing a 
plurality of sets of amplitude and phase correction 
values, the mwory supplying a set of amplitude and 
phase correction values from a location specified by the 
detected an^)litude to the convex multiplier as said 
control signals during a read mode and rewriting a set 
of an^litude and {^ase correction values stared in a 
location specified by a delayed version of the detected 
amplitude with new anq]litude and phase conection 
values during a write mode; 

a down-converter fc^- converting die an^>]ified high fre- 
quency signal to a low frequency complex signal; 

nonlinearity detector means for detecting nonlinearity of 
said power amplifier from a delayed version of the 
input complex signal and die low frequency complex 
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signal and producing said new amplitude and phase 
correction values from the detected nonlinearity and 
delayed versions of the amplitude and phase correction 
values supplied to said complex mult4)lier; and 
means for paiodicaUy switching said memory from the 
read mode to the write mode. 

2. A transmission qrparatus as claimed in daim 1, 
wherein the nonlinearity detector means comprises: 

an error detector for detecting amplitude and phase errors 

between the delayed version of the input complex 

signal and the low frequency complex signal; and 
update means for producing said new an^)litude and 

phase correction values from the a^^)litude and phase 

errors and said delayed versions of the amplitude and 

phase conection values. 

3. A transmission apparatus as claimed in daim 2, 
wherein the enx>r detector indudes means for producing said 
an^litude and phase errors by a ratio between said delayed 
version of the input complex signal and the low frequency 
complex signal to detect said amplitude and phase errors, 
and wherein said update means includes means for multi- 
plying the delayed version of the amplitude correction value 
by the amplitude error and subtracting the phase error from 
tile delayed version of the phase correction value. 

4. A transmission apparatus as claimed in daim 2, 
wherein said update means comprises a memory for con- 
verting the delayed versions of the amplitude and phase 
coirection values to said new amplitude and phase correc- 
tion values according to the anq)litude and phase errors. 

5. A transmission q)paratus as claimed in daim 1, further 
cQinprising a mult^lexa for frequency division multiplex- 
ing a plurality of signals to produce a frrequency-division 
multiplex signal, and oonveiting the frequency-division 
multiplex signal to said input complex signal 

6. A transmission apparatus as claimed in daim 1, 
wherein said up-converter comprises a quadrature modula- 
tor and said down-cooverter comprises a quadrature 
demodulator. 

7. A method for linearly operating a power amplifier, ^ phase correction value, 
comprising the steps of: 

a) detecting an amplitude of an input complex signal; * 



10 



IS 



20 



25 



30 



35 



b) reading a set of amplitude and phase correction values 
from a location of a micmoiy sped&ed by the detected 
amplitude; 

c) multiplying the input cony>lcx signal by the read 
amplitude and phase correction values to produce a 
compensated complex signal; 

d) converting the conq)ensated complex signal to a high 
frequency signal and supplying the h^ frequency 
signal to the power amplifier; 

e) converting an output signal of the power amplifier to a 
low frequency complex signal; 

f) detecting nonlinearity of said power ampMer from a 
delayed version of the input conqilex signal and the low 
frequency complex signal and producing a set of new 
amplitude and phase correction values from the 
detected nonlinearity and delayed versions of the 
amplitude and phase ccirection values read by ftic step 
(b): and 

rewriting a set of amplitude and phase correction 



g) _ . . 

values stored in a location of the memory specified by 
a delayed version of the amplitude detected by the step 
(a) with the new amj^tude and phase coirection values 
produced by the stq} (f). 

8. A method as claimed in daim 7, wherein the stq) (f) 
conqsiises the steps of: 

fx) detecting amplitude and ^ase enors between the 
delayed version of the input complex signal and the low 
frequency complex signal; and 
fs) producing said new amplitude and f^ase correction 
values from the amplitude and phase eirors and delayed 
versions of the amplitude and phase correction values 
read by the step (b). 

9. A method as claimed in claim 8, wherein the step (f J 
indudes the step of producing said amplitude and phase 
errors by a ratio between said ddayed version of the input 
complex signal and the low frequency complex signal to 
detect said an^litude and phase errors, and wherein the step 
(fj) includes the step of multiplying the delayed version of 
die amplitude conection value by the an^litude error and 
subtracting the phase eiror from the delayed version of the 
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